Background. Expression of long noncoding (lncRNA) Malat1 can be increased by hypoxia in cardiomyocyte. Downregulation of Malat1 contributes to the reduction of cardiomyocyte apoptosis. However, the function of Malat1 in myocardial ischemia is unclear.
Background
Myocardial ischemia is a heart condition caused by the reduction of blood flow to the heart, which prevents the heart from receiving enough oxygen. 1 It has become one of the leading causes of death all over the world and a serious threat to human health. 2 Myocardial ischemia is the main factor contributing to cardiomyocyte impairment. 3 The main clinical symptoms of myocardial ischemia are severe persistent chest pain, dyspnea, fever, and syncope. 4, 5 Hypoxia in varying degrees threatens the function and survival of cardiomyocytes, 6, 7 although numerous adaptive countermeasures can be activated in the cardiomyocytes in response to the hypoxic condition. 8, 9 Recently, researchers have demonstrated that numerous noncoding transcripts were involved in the physiological and pathological regulation of many diseases, including myocardial ischemia. 10, 11 Long noncoding RNAs (lncRNAs) are noncoding RNA molecules longer than 200 nucleotides that are not translated into proteins, but regulate the transcription of genes that are involved in different cellular processes, including differentiation, cancer initiation and progression. 12 Metastasis-associated lung adenocarcinoma transcript 1 (Malat1), an lncRNA, is expressed in the nucleus and participates in many cellular processes. 13 Several studies have confirmed that Malat1 is responsible for cancer. [14] [15] [16] Zhao et al. proved that Malat1 functions as a mediator in the cardioprotective effects of fentanyl on myocardial ischemiareperfusion injury. 17 More research is still needed to further explore the effects of Malat1 on myocardial ischemia.
Several lncRNAs or microRNAs (miRNAs) are functionally involved in acute myocardial infarction (e.g., AN-RIL, KCNQ1OT1, Malat1, miR-499, and miR-214), mitochondrial function and apoptosis of cardiomyocytes (e.g., CHRF, miR-145 and miR-22). [18] [19] [20] [21] [22] [23] [24] Although lncRNAs have not been extensively researched in myocardial ischemic injury, recent studies are increasingly focusing on the possible contribution of lncRNAs in ischemia. 25, 26 Michalik et al. demonstrated that Malat1 regulates the endothelial cell function and vessel growth. 27 Interestingly, a negative correlation exists between Malat1 and miR-217. 13 Moreover, researchers found that miR-217 targets and regulates sirtuin 1 (Sirt1) expression. 28 However, involvement and the functional mechanism of miR-217 and Malat1 in myocardial ischemic injury remains uncertain. The present study established an in vitro myocardial cell model of hypoxia and investigated the effects of Malat1, miR-217 and Sirt1 on the hypoxia-induced cardiomyocyte injury.
Material and methods

Cell culture and treatment
The cardiomyocytes cell line H9c2 was purchased from Sigma-Aldrich (St. Louis, USA) and cultured in Dulbecco's Modified Eagle Medium (DMEM; Life Technologies Corp., Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (100 U/mL:100 mg/mL) and 1% GlutaMAX (Life Technologies), at 37°C under 5% CO 2 . Culture medium was changed every other day. H9c2 cells were cultured in a hypoxic incubator with 3% O 2 concentration for 24 h to induce injury.
Quantitative real-time polymerase chain reaction
After relevant treatment, total RNA was extracted from cells using Trizol reagent (Life Technologies) according to the manufacturer's instructions. Quantitative real-time polymerase chain reaction analysis was performed using One Step SYBR PrimeScript PLUS RT-RNA PCR Kit (Ta-KaRa Biotechnology, Dalian, China) to assess the expression levels of Malat1 according to the protocol instructions. Taqman MicroRNA Reverse Transcription Kit and Taqman Universal Master Mix II with the TaqMan MicroRNA Assay of miR-217 and U6 (Applied Biosystems, Foster City, USA) were used to test the expression levels of miR-217 in cells. RNA PCR Kit (AMV) v. 3.0 (TaKaRa Biotechnology) was used to assess the expression of Sirt1. GAPDH or U6 was used as an internal control. The relative expressions were calculated using 2 −ΔΔCt method. Sequences of primers were as follows: Malat1 forward primer: 5'-AGC-GGAAGAACGAATGTAAC-'3, reverse primer: 5'-GAA-CAGAAGGAAGAGCCAAG-'3; miR-217 forward primer: 5'-TACTGCATCAGGAACTGACTGGA-'3, reverse primer: 5'-GTGCAGGGTC CGAGGT-'3; Sirt1 forward primer: 5'-AGGAGACTTGCCTGGTGAAA-'3, reverse primer: 5'-CAGGGGTGGTTATTGCATCT-'3; GAPDH forward primer: 5'-GCACCGTCAAGGCTGAGAAC-'3, reverse primer: 5'-TGGTGAAGACGC CAGTGGA-'3; U6 forward primer: 5'-CTCGCTTCGGCAGCACATATACT-'3, reverse primer: 5'-ACGCTTCACGAATTTGCGTGTC-'3.
Transfection and generation of stably transfected cell lines
Short-hairpin RNA directed against lncRNA Malat1 was ligated into the U6/GFP/Neo plasmid (GenePharma, Shanghai, China) and this was referred to as sh-Malat1. The following target regions were chosen: Malat1#1, 5'-GGGAGTTACTTGCCAACTTG-'3; Malat1#2, 5'-CC-AGGCTGGTTATG ACTCAG-'3. For the analysis of Sirt1 functions, full-length Sirt1 sequences and short-hairpin RNA directed against Sirt1 were constructed in pEX-2 and U6/GFP/Neo plasmids (GenePharma), respectively. These were referred to as pEX-Sirt1 and sh-Sirt1. The sequence of pEX-Sirt1 was 5'-ACUUUGCUGUAACCCUGUA-'3. The forward sequence of sh-Sirt1 was 5'-CACCACAC-CAGATTCTTCAGTGAT TGTCATCTCTGACAATC-ACTGAAGAATCTGGTGG-'3 and the reverse sequence of sh-Sirt1 was 5'-AAAACCAGATTCTTCAGTG ATTGTCAGAGATGA CAATCACTGAACCTGGTGG-'3. The plasmid carrying a non-targeting sequence was used as a negative control (NC) that was referred to as sh-NC. miR-217 mimics, inhibitors and their respective NCs were synthesized by Life Technologies and were transfected into the cells in line with the manufacturer's instruction. The sequences used were: pEX-miR-217, 5'-UACUGCAU-CAGGAACUGAUUGGA-'3; si-miR-217, 5'-UACUG-CAUCAGG AACUGAUUGGA-'3. Cell transfection was performed using lipofectamine 3000 reagent (Life Technologies) according to the manufacturer's instructions. The stably transfected cells were selected by the culture medium containing 0.5 mg/mL of G418 (Sigma-Aldrich). After approx. 4 weeks, G418-resistant cell clones were established. The highest transfection efficiency occurred at 48 h, and thus 72 h post-transfection was considered as the harvest time in the subsequent experiments.
Cell proliferation assays
For cell proliferation assay, 1 × 10 5 cells were seeded in duplicate in 60-millimeter dishes. After normoxia or hypoxia treatment for 24 h, cells were washed and the live cell numbers were determined using trypan blue exclusion assay.
Apoptosis assay
Cell apoptosis assay was performed using propidium iodide (PI) and fluorescein isothiocynate (FITC)-conjugated annexin V staining. Briefly, 1 × 10 5 cells were seeded in duplicate in 60-millimeter dishes. After normoxia or hypoxia treatment for 24 h, the cells were washed in phosphate buffered saline (PBS) and fixed in 70% ethanol. Fixed cells were then washed twice in PBS and stained with PI/FITC-annexin V in the presence of 50 μg/mL RNase A (Sigma-Aldrich), and then were incubated for 1 h at room temperature in the dark. The rate of apoptotic cells was recorded using Flow cytometer (Beckman Coulter, Fullerton, USA). The data was analyzed using FlowJo software (www.flowjo.com).
Migration and invasion assay
Cell migration was determined using a modified twochamber migration assay with a pore size of 8 mm. After normoxia or hypoxia treatment for 24 h, 5.0 × 10 4 H9c2 cells were seeded into the upper compartment of 24-well transwell culture chamber supplemented with 200 mL of serum-free medium, while 600 mL of complete medium was added into the lower compartment. After incubation at 37°C for 48 h, the cells were fixed with methanol. After that, non-traversed cells were carefully removed from the upper surface of the filter with a cotton swab, while traversed cells on the lower side of the filter were stained with crystal violet and then counted.
The invasive behavior of the cells was determined using 24-well Millicell Hanging Cell Culture inserts with 8 mm PET membranes (Merck Millipore, Bedford, USA). In brief, after normoxia or hypoxia treatment for 24 h, 5.0 × 10 4 H9c2 cells in 200 μL serum-free DMEM medium were plated onto BD BioCoat Matrigel Invasion Chambers (8 μM pore size polycarbonate filters; BD Biosciences, Franklin Lakes, USA), while a complete medium containing 10% FBS was added to the lower chamber. After processing the invasion chambers for 48 h (37°C, 5% CO 2 or 37°C, 3% CO 2 ) in accordance with the manufacturer's protocol, the non-invading cells were removed with a cotton swab. The invading cells were fixed in 100% methanol and then stained with crystal violet solution and counted microscopically. The data is presented as the average number of cells attached to the bottom surface from 5 randomly chosen fields.
Reporter vector constructs and luciferase reporter assay
The Malat1 fragment containing the predicted miR-217 binding site was amplified using PCR and then cloned into pmirGlO Dual-Luciferase miRNA Target Expression Vector (Promega, Madison, USA) to form the reporter vector Malat1-wild-type (Malat1-Wt). To mutate the putative binding site of miR-217 in the Malat1, the sequence of putative binding site was replaced and named as Malat1mutated-type (Malat1-Mt). Then the vectors and miR-217 mimics were co-transfected into HEK293 cells and the Dual-Luciferase Reporter Assay System (Promega) was performed to test the luciferase activity.
The construction process of Sirt1-wt and Sirt1-mt reporter vectors was similar to the Malat1-wt and Malat1mt. After that, Sirt1-wt and Sirt1-mt reporter vectors and miR-217 mimic were co-transfected into HEK293 cells, and the relative luciferase activities were measured with Dual-Luciferase Reporter Assay System.
Western blotting
The protein used for western blotting was extracted using the RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) that was supplemented with protease inhibitors (Roche Diagnostics, Basel, Switzerland). The proteins were then quantified using the BCA Protein Assay Kit (Pierce, Appleton, USA) accordingly. The western blotting system was established using a Bio-Rad Bis-Tris Gel system (Bio-Rad Laboratories, Hercules, USA), according to the manufacturer's instructions. Protein samples were electrophoresed using western blot system and transferred into polyvinylidene difluoride (PVDF) membranes (Merck Millipore). After being blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich) for 1 h, the membrane was incubated with primary antibodies at 4°C overnight. The following primary antibodies were used in this study: anti-Bcl-2 antibody (ab59348), anti-Bax antibody (ab182733), anti-p-PI3K antibody (ab191606), anti-PI3K antibody (ab109006), anti-p-AKT antibody (ab81283), anti-AKT antibody (ab8805), and anti-Notch 3 (ab23426); all of the above were obtained from Abcam Biotechnology (Cambridge, UK). Anti-caspase 3 antibody (#9662), anti-caspase 9 antibody (#9508), anti-Notch 1 antibody (#3608), anti-Notch 2 antibody (#5732), and anti-GAPDH antibody (#5174) were purchased from Cell Signaling Technology (Danvers, USA). After that, membranes were washed and incubated with secondary antibody (ab6788, ab6721; Abcam Biotechnology) for 1 h at room temperature. The protein signals were measured using Bio-Rad ChemiDoc XRS system (Bio-Rad), which was supplemented with 200 μL of Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore).
Statistical analysis
All experiments were repeated 3 times. The results of multiple experiments are presented as mean ± standard deviation (SD). Statistical analyses were performed using Graphpad v. 6.0 statistical software (Graphpad Software, San Diego, USA). The p-values were calculated using oneway analysis of variance (ANOVA) with Sidak post-hoc test. A p-value <0.05 was considered to indicate a statistically significant result. Fig. 1D , p < 0.005) as compared to the normoxia treatment. Similar results were obtained from western blotting analysis ( Fig. 1E ), which presented that the expression levels of Bax, cleaved-caspase 3 and cleaved-caspase 9 were all enhanced after hypoxia treatment. These results suggest that hypoxia induces H9c2 cell injury by inhibiting cell viability, migration and invasion, and promoting cell apoptosis.
Results
Hypoxia induces H9c2 cell injury
Hypoxia promotes the expression of Malat1
The qRT-PCR was performed to analyze the expression level of Malat1 after hypoxia treatment. Results showed that the relative expression of Malat1 was significantly increased in the hypoxic condition compared to the control ( Fig. 2 , p < 0.01).
Suppression of Malat1 aggravates hypoxia-induced H9c2 cell injury
Either sh-Malat1#1 or sh-Malat1#2 were transfected into H9c2 cells to decrease the expression level of Malat1. As shown in Fig. 3A , the relative expression of Malat1 was significantly decreased in H9c2 cells after transfection with sh-Malat1#1 (p < 0.005) and sh-Malat1#2 (p < 0.01). Considering that sh-Malat1#1 had more significant inhibition, sh-Malat#1 was used in further experiments. Hypoxia-induced cell injury was significantly exacerbated by Malat 1 suppression, as evidenced by cell viability (Fig. 3B , p < 0.05), migration (Fig. 3C , p < 0.05) and invasion ( Fig. 3D , p < 0.05) decreases, and by cell apoptosis increase (Fig. 3E , p < 0.01) after sh-Malat1#1 transfection. The apoptosis results were further confirmed with western blotting (Fig. 3F) , which indicted that the expressions of Bax, cleaved-caspase 3 and cleaved-caspase 9 were further upregulated after Hypoxia+sh-Malat1#1 treatment. The expression of Bcl-2 was downregulated after Hypoxia+sh-Malat1#1 treatment. These results suggest that knockdown of Malat1 expression aggravates hypoxiainduced H9c2 cell injury.
Malat1 negatively regulates the level of miR-217 in H9c2 cells
The qRT-PCR was performed to detect the expression of miR-217 in H9c2 cells after hypoxia treatment and sh-Malat1#1 transfection. As shown in Fig. 4A , the expression of miR-217 was significantly decreased after hypoxia treatment (p < 0.01). Knockdown of Malat1 markedly increased the miR-217 expression (p < 0.005), which suggests that Malat1 bind to miR-217 in H9c2 cells. This hypothesis was further confirmed by dual luciferase activity assay, which pointed out co-transfection with miR-217 and Malat1-wt notably reduced the relative luciferase activity (Fig. 4B , p < 0.05). This data indicates that Malat1 negatively regulates the expression level of miR-217 in H9c2 cells.
Knockdown of Malat1 aggravates hypoxia-induced H9c2 cell injury by upregulating of miR-217
The effects of Malat1 and miR-217 on viabilities, migration, invasion, and apoptosis of H9c2 cells were then investigated. The expression level of miR-217 was significantly increased after miR-217 mimic transfection (Fig. 5A , p < 0.005) and remarkably decreased after si-miR-217 transfection (p < 0.01). The si-miR-217 single transfection obviously reversed the hypoxia-induced cell viability, migration and invasion inhibition ( Fig. 5B -D, p < 0.05) as well as the cell apoptosis enhancement (Fig. 5E , p < 0.01). Moreover, compared to hypoxia+sh-Malat1#1+siNC treatment group, the cell viability, migration and invasion were all increased in hypoxia+sh-Malat1#1+si-miR-217 treatment group (Fig. 5B -D, p < 0.01). The cell apoptosis was dramatically decreased after hypoxia+sh-Malat1#1+si-miR-217 treatment (Fig. 5E , p < 0.005). This data suggests that knockdown of Malat1 aggravates hypoxia-induced H9c2 cell injury by overexpression of miR-217.
miR-217 negatively regulates the expression of Sirt1 in H9c2 cells
Sirt1 was hypothesized to be a potential target of miR-217. As shown in Fig. 6A , the expression level of Sirt1 was remarkably upregulated after hypoxia treatment (p < 0.01).
Moreover, the expression of Sirt1 was obviously downregulated after miR-217 mimic transfection (p < 0.005) and noticeably upregulated after si-miR-217 transfection (p < 0.01), which suggests that miR-217 negatively regulated the expression of Sirt1 in H9c2 cells. To verify whether miR-217 was able to directly bind to the 3' untranslated region (3'UTR) of Sirt1, Sirt1-wt and Sirt1-mt containing the wild-type and mutant binding sequences of miR-217 were generated, respectively (Fig. 6B) . A luciferase reporter assay revealed that the relative luciferase activity was significantly reduced when co-transfected with Sirt1-wt and miR-217 mimics (p < 0.05). However, the luciferase activity revealed no significant difference when co-transfected with Sirt1-mt and miR-217 mimics. These results indicate that Sirt1 was a direct target gene of miR-217 in H9c2 cells.
Overexpression of Sirt1 alleviates the hypoxia-induced H9c2 cell injury
To analyze the functions of Sirt1, the full-length Sirt1 sequences and short-hairpin RNA directed against Sirt1 were constructed in pEX-2 and U6/GFP/Neo plasmids, respectively. They were referred to as pEX-Sirt1 and sh-Sirt1. As presented in Fig. 7A , the relative Sirt1 expression was obviously increased after pEX-Sirt1 transfection (p < 0.05) and significantly decreased after sh-Sirt1 transfection (p < 0.01). Overexpression of Sirt1 significantly reversed the hypoxia-induced cell viability, migration and invasion inhibition ( Fig. 7B-D , p < 0.05) as well as cell apoptosis enhancement (Fig. 7E, p < 0.05) . As expected, suppression of Sirt1 showed opposite results ( Fig. 7B-E) . These results suggest that overexpression of Sirt1 protects H9c2 cells from hypoxia-induced injury. 
PI3K/AKT and Notch signaling pathways
Western blot analysis was performed to analyze the roles of PI3K/AKT and Notch signaling pathways in hypoxiainduced H9c2 cell injury. The results displayed that the expression levels of p-PI3K and p-AKT were decreased after hypoxia treatment (Fig. 8A) . Overexpression of Sirt1 reversed the hypoxia-induced decreases of p-PI3K and p-AKT but suppression of Sirt1 further aggravated the hypoxia-induced decreases of p-PI3K and p-AKT. Similar results were found in Notch signaling pathway, which showed that the expressions of Notch 1, Notch 2 and Notch 3 were decreased after hypoxia treatment and further downregulated after sh-Sirt1 transfection (Fig. 8B) .
These results indicate that overexpression of Sirt1 alleviates hypoxia-induced H9c2 cell injury by activating PI3K/ AKT and Notch pathways.
Discussion
We studied the effects and mechanisms of Malat1 on the hypoxia-induced injury in H9C2 cells. We showed that hypoxia induced H9c2 cell injury by inhibiting cell viability, migration and invasion, and promoting cell apoptosis. Suppression of Malat1 aggravates the hypoxia-induced H9c2 cell injury (Fig. 3 ). Malat1 negatively regulates the expression of miR-217 in H9c2 cells (Fig. 4) . Knockdown of Malat1 aggravates hypoxia-induced H9c2 cell injury by overexpression of miR-217 ( Fig. 5) . Moreover, miR-217 negatively regulates Sirt1 expression and Sirt1 was a target of miR-217 ( Fig. 6 and 7) . Overexpression of Sirt1 activates PI3K/AKT and Notch signaling pathways, which might be involved in H9c2 cell survival (Fig. 8) .
Hypoxia-induced cell death is a major concern and plays a critical role in various pathophysiological processes, such as hypoxic/ischemic disease, organ transplantation, angiogenesis, or tumor invasion. [29] [30] [31] Cardiomyocyte injury comprises a series of events that may occur together or separately, such as: reperfusion, arrhythmias, myocardial stunning in "reversible mechanical dysfunction", microvascular damage, and cell death. 32, 33 Malat1 was initially discovered as a tumor-associated lncRNA, which is mainly involved in the splicing and epigenetic regulation of gene expression. 34 A recent study reports that Malat1 also acts as a regulator of cardiovascular disease. 35 Zhao et al. reported that Malat1 plays a key regulatory role in mediating the cardioprotective effects of fentanyl against ischemic/reperfusion injury. 17 In our research, we found that the expression of Malat1 in H9c2 cells was significantly increased after hypoxia treatment. Knockdown of Malat1 aggravates hypoxia-induced H9c2 cell injury by enhancing cell viability, migration and invasion inhibition, and promoting cell apoptosis. However, Zhang et al. indicated that downregulation of Malat1 reduced cardiomyocyte apoptosis and improved left ventricular function in diabetic rats. 36 The regulation of intracellular signaling pathways is very complex. The same molecules may have different regulatory effects in different cell types and in different conditions. The disparity effect of Malat1 on cardiomyocyte cell proliferation and apoptosis might be associated with different cell types and different treatment processes.
Our study indicates that Malat1 negatively regulates the expression of miR-217, which is consistent with another study on human cancers. 37 Our study is the first to demonstrate that miR-217 binds to Malat1 in cardiomyocytes and the role of miR-217 in cardiomyocyte injury induced by hypoxia. Luciferase activity reveals that miR-217 was able to directly bind to the 3'UTR of Sirt1 and, therefore, Sirt1 was identified as a direct target of miR-217 in H9c2 cells. Several other studies have also confirmed that Sirt1 was a target of miR-217, 38 which is consistent with our findings.
Sirt1 is a member of a protein family known as sirtuins, which belongs to the Sirt2 family and has been identified as nicotinamide-adenine dinucleotide (NAD) + dependent deacetylases. 39, 40 Sirt1 has been demonstrated to participate in cancer, aging, metabolic diseases, and cardiovascular dysfunctions. 41, 42 Sirt1 can protect endothelial cells from oxidative stress and oxidative low-density lipoprotein-induced apoptosis. [43] [44] [45] In our study, we found that overexpression of Sirt1 alleviates the hypoxia-induced H9c2 cell injury by promoting cell viability, migration and invasion but inhibiting cell apoptosis.
The PI3K/Akt and Notch signaling pathways are essential for cell survival and proliferation. 39, 46 It has been reported that the activation of PI3K/Akt pathway is closely associated with vascular remodeling and angiogenesis. Li et al. demonstrated that Sirt1 promoted the migration and proliferation of endothelial progenitor cells through PI3K/AKT pathway. 46 Our study results similarly proved that Sirt1 activates PI3K/AKT and Notch signaling pathways, which were involved in the promotion of cell survival in H9c2 cells.
In conclusion, these findings suggest that knockdown of Malat1 aggravates hypoxia-induced cardiomyocyte injury by upregulating miR-217 expression. The aforementioned results demonstrated negative regulation of Sirt1 expression by miR-217 and Sirt1 as a target of miR-217. Also, Sirt1 activated PI3K/AKT and Notch signaling pathways, which in turn promoted H9c2 cell survival.
